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(57) ABSTRACT 

A method implemented in a multi-user communication sys 
tem is described for performing far-end crosstalk (FEXT) 
cancellation for each victim user. The method comprises per 
forming dynamic programming to allocate resources accord 
ing to (N-1) normalized disturber coupling values and differ 
ence rate function values associated with N total users in the 
system involved in partial FEXT cancellation. In accordance 
with some embodiments, dynamic programming comprises 
selecting a tone and one or more disturbers to be cancelled for 
the tone. 
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SYSTEMS AND METHODS OF RESOURCE 
ALLOCATION FOR CANCELLATION OF 

CROSSTALK 

CROSS-REFERENCE TO RELATED 
APPLICATION 

[0001] This application claims priority to, and the benefit 
of U.S. Provisional patent application entitled, “Optimal 
Distribution of Complexity for Partial Cancellation in 
VDSL.” having Ser. No. 61/287,508, filed on Dec. 17, 2009, 
and U.S. Provisional Patent Application entitled, “Optimal 
Distribution of Complexity for Partial Cancellation in 
VDSL.” having Ser. No. 61/320,042, filed on Apr. 1, 2010, 
both of which are incorporated by reference in their entirety. 

TECHNICAL FIELD 

[0002] The present disclosure generally relates to commu 
nications systems and more particularly, relates to systems 
and methods for mitigating the effects of downstream and 
upstream far-end cross talk (FEXT) in a digital subscriberline 
(xDSL) system. 

BACKGROUND 

[0003] Digital subscriber line (xDSL) technology has 
developed in recent years in response to the demand for 
high-speed Internet access. xDSL technology utilizes the 
communication medium of pre-existing telephone systems. 
Thus, both plain old telephone systems (POTS) and xDSL 
systems share a common line for xDSL-compatible customer 
premises. Similarly, other services such as time compression 
multiplexing (TCM) integrated services digital network 
(ISDN) can also share a common line with xDSL and POTS. 
[0004] In the field of telecommunications, the term 
crosstalk refers to interference that enters a message channel 
or disturbed channel from one or more other interfering chan 
nels (or disturbing channels) through a path coupling the 
interfering channels to the message channel. Crosstalk leads 
to reduced signal-to-noise ratio (SNR) that can create low 
audio quality in a voice system or reduced data rates and/or 
increased errors in a data system. 
[0005] There are many types of crosstalk mechanisms on 
xDSL lines that are characterized, the two main types being 
far end crosstalk (FEXT) and near-end crosstalk (NEXT). 
FEXT refers to electromagnetic coupling that occurs when 
the receiver on a disturbed pair is located at the far end of the 
communication line relative to the transmitter of a disturbing 
pair. Self-FEXT generally refers to interference caused by 
neighboring lines provisioned for the same type of service as 
the affected line, although the neighboring lines and the 
affected line may be provisioned for different services as 
well. In contrast, NEXT results from a disturbing source 
connected at one end of the wire pair which causes interfer 
ence in the message channel at the same end as the disturbing 
SOUIrce. 

[0006] Allocations of wire pairs within telephone cables in 
accordance with service requests have typically resulted in a 
random distribution of pair utilization with few precise 
records of actual configurations. Because of the physical 
proximity of different twisted pairs within a cable bundle (due 
to pair twisting, cable branching, cable splicing, etc.), 
crosstalk caused by the electromagnetic interference between 
the neighboring lines is often the dominating noise source in 
the transmission environment. In addition, due to pair twist 
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ing in cables where cable branching and splicing take place, a 
wire pair can be in close proximity to many different pairs 
spanning different portions of its length. At a telephone CO 
(central office), pairs in close proximity may carry diverse 
types of service using various modulation schemes, with con 
siderable differences in signal levels (and receiver sensitivi 
ties) especially for pairs of considerably different lengths. 
[0007] Both FEXT and self-FEXT continue to be a problem 
in xDSL communication systems as crosstalk impacts overall 
performance. Current approaches to addressing crosstalk suf 
fer from various perceived shortcomings, such as increased 
design costs, high memory usage, and considerably increased 
need for computational resources along with their inefficient 
usage. Therefore, a heretofore unaddressed need exists in the 
industry to address the aforementioned deficiencies and inad 
equacies. 

SUMMARY 

[0008] One embodiment, among others, is a method imple 
mented in a multi-user communication system for performing 
far-end crosstalk (FEXT) cancellation for each victim user. 
The method comprises calculating, for each victim user 
among all victim users, (N-1) normalized disturber coupling 
values across all tones in the system to undergo partial FEXT 
cancellation, wherein N is a total number of users in the 
system involved in partial FEXT cancellation. The method 
further comprises determining a signal-to-noise ratio (SNR) 
across all tones in the system to undergo partial FEXT can 
cellation, and sorting, for each tone, the (N-1) normalized 
disturber coupling values. The method further comprises cal 
culating (N-1) SNR function values for every tone and cal 
culating (N-1) rate difference function values for every tone. 
Based on the sorted (N-1) normalized disturber coupling 
values and difference rate function values, resource allocation 
is performed according to a dynamic programming approach, 
wherein the dynamic programming approach comprises 
recursively selecting one or more of: a disturber and a tone. 
[0009] Another embodiment is a system for performing 
far-end crosstalk (FEXT) cancellation. The system comprises 
a selection module configured to sort (N-1) normalized dis 
turber coupling values and difference rate function values 
associated with N total users in the system involved in partial 
FEXT cancellation. The selection module comprises a 
resource allocator configured to perform dynamic program 
ming to incrementally allocate resources by selecting, for 
each step of the dynamic programming performed by the 
resource allocator, one or more of: a disturber and a tone. 
[0010] Another embodiment is a method implemented in a 
multi-user communication system for performing far-end 
crosstalk (FEXT) cancellation for each user. The method 
comprises performing dynamic programming to allocate 
resources according to (N-1) normalized disturber coupling 
values and difference rate function values associated with N 
total users in the system involved in partial FEXT cancella 
tion, wherein dynamic programming comprises selecting a 
tone and one or more disturbers to be cancelled for the tone. 

[0011| Other systems, methods, features, and advantages 
of the present disclosure will be or become apparent to one 
with skill in the art upon examination of the following draw 
ings and detailed description. It is intended that all such 
additional systems, methods, features, and advantages be 
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included within this description, be within the scope of the 
present disclosure, and be protected by the accompanying 
claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] Many aspects of the disclosure can be better under 
stood with reference to the following drawings. The compo 
ments in the drawings are not necessarily to scale, emphasis 
instead being placed upon clearly illustrating the principles of 
the present disclosure. Moreover, in the drawings, like refer 
ence numerals designate corresponding parts throughout the 
several views. 
[0013] FIG. 1A illustrates the various types of crosstalk 
typically experienced in a DSL system. 
[0014] FIG. 1B illustrates how each rate service may sig 
nify the minimum and the maximum rate that should be 
achieved by the user to satisfy a certain type of service. 
[0015] FIG. 2 illustrates a system in which embodiments 
for performing partial FEXT cancellation may be imple 
mented. 
[0016] FIG. 3 illustrates an embodiment of an apparatus 
within the central office for implementing the various com 
ponents shown in FIG. 2. 
[0017|| FIG. 4 is a flowchart for performing partial FEXT 
cancellation implemented using the components shown in 
FIG. 2. 

[0018] FIG. 5 illustrates the signal flow between the selec 
tion module and FEXT canceller shown in the system of FIG. 
1 for performing partial FEXT cancellation. 

DETAILED DESCRIPTION 

[0019] Having summarized various aspects of the present 
disclosure, reference will now be made in detail to the 
description of the disclosure as illustrated in the drawings. 
While the disclosure will be described in connection with 
these drawings, there is no intent to limit it to the embodiment 
or embodiments disclosed herein. On the contrary, the intent 
is to cover all alternatives, modifications and equivalents 
included within the spirit and scope of the disclosure as 
defined by the appended claims. 
[0020] In order to adjust for performance variations over 
the entire available spectrum, digital subscriber line (xDSL) 
systems typically use discrete multi-tone (DMT) techniques 
(e.g., a multi-carriertechnique) that divide the available band 
width of twisted-pair copper lines into multiple channels or 
bins. Through the use of DMT, the available bandwidth is 
broken into a plurality of sub-channels or tones and data is 
simultaneously transferred over several of the sub-channels 
depending upon the transmission characteristics of each sub 
channel. For example, in conventional xDSL systems such as 
ADSL, the copper transmission line is divided into 256 DMT 
tones or sub-channels, with consecutive sub-channels having 
a center frequency separated by 4.3125 kHz. 
[0021] With DMT systems, a plurality of frames of a data 
stream is broken down into data blocks. Each data block is 
allocated to multiple sub-channels. The signal on a sub-chan 
nel, in turn, can be represented as a complex value modulating 
a carrier whose frequency is the same as the center frequency 
of the sub-channel. The magnitude and phase of the complex 
value is based on the data that the sub-channel is carrying and 
on the amount of bits that the sub-channel can support, some 
times referred to as bit-loading. The bit-loading on a given 
sub-channel is indicative of the number of constellation 
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points (e.g., the number of magnitude and phase combina 
tions of the complex value) that can be transmitted on the 
sub-channel. Thus, if the bit-loading of a particular carrier 
channel is 2, then the number of constellation points is 4, with 
a constellation point in each quadrant representing the binary 
number 00, 01, 10, or 11, for example. This process of asso 
ciating binary numbers to constellation points is sometimes 
referred to as constellation encoding or constellation map 
ping. 
[0022] Each sub-channel typically carries between 1 to 15 
bits of data that are mapped on the constellation points of an 
appropriately sized quadrature amplitude modulation (QAM) 
constellation. The signals of the plurality of sub-channels are 
then summed to produce a time domain DMT symbol that is 
subsequently transmitted over the twisted-pair copper line. 
That is, each of the carriers that make up the DMT symbol 
contains a QAM signal. A DMT symbol is generated for each 
frame of the original data stream. This results essentially in 
overall performance which is equivalent to around two hun 
dred V.34 modems used in parallel on the same line. Because 
each carrier channel can be configured to a different bit rate 
according to the channel characteristics, it can be seen that 
DMT is inherently rate-adaptive and extremely flexible for 
interfacing with different subscriber equipment and line con 
ditions. 

[0023] Reference is made to FIG. 1, which illustrates the 
various types of crosstalk typically experienced in a digital 
subscriber line (xDSL) system. For purposes of illustration, 
the central office (CO)110 comprises two transceivers 102, 
106 communicating over two subscriber lines to two sets of 
customer premises equipment (CPE) 104,108 (N=2). Trans 
ceiver 102 communicates with CPE 104, and transceiver 106 
communicates with CPE 108. To illustrate, the crosstalk from 
CO transceiver 106 and CPE 108 to either CO transceiver 102 
or CPE 104 is described. However, it should be understood 
that interference may also be between the transmitter and 
receiver on the same subscriber line in both the upstream and 
downstream paths, which is the near-end echo of the transmit 
signal. 
[0024] The term far-end refers to scenarios in which the 
source of interference is away from the receiving side, and the 
term near-end refers to scenarios in which the source of 
interference is close to the receiving side. For example, inter 
ference shown by arrow 112 illustrates noise generated by 
transceiver 106 coupled into the downstream communica 
tions and received by CPE 104. The term victim refers to the 
line or the circuit experiencing crosstalk, and the term dis 
turber describes the source of the crosstalk. Since the noise is 
generated away from the receiving side, this is referred to as 
downstream far-end crosstalk (FEXT). Likewise, interfer 
ence shown by arrow 114 illustrates upstream near-end 
crosstalk (NEXT). Interference shown by arrow 116 illus 
trates upstream FEXT, and interference shown by arrow 118 
illustrates downstream NEXT. In particular, FEXT is a ubiq 
uitous source of noise in (very high bitrate DSL) VDSL. 
Accordingly, various needs exist in the industry to address the 
aforementioned deficiencies and inadequacies, such as miti 
gating FEXT. 
[0025] VDSL is becoming more commonly utilized as the 
last mile solution for high speed data communications. The 
data rate for VDSL, however, may be impaired by many 
different sources of disturbance, including self-induced 
crosstalk, impulse noise, alien noise, among other sources. 
Dynamic spectrum management level 3 (DSM3) is one 
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approach to mitigating or cancelling the effects of self-FEXT. 
To cancel the effects of self-FEXT, DSM3 compliant devices 
generally utilize a technique known as signal cooperation or 
signal vectoring at the central office (CO) that employs pro 
cessing on a per-frequency or per-tone basis in order to miti 
gate self-FEXT in both the upstream and downstream direc 
tions. In the upstream direction, signal vectoring may take 
advantage of simultaneous access to the received signals of all 
vectored users at the CO to also effectively mitigate alien 
crosstalk. 
[0026] The capability of performing signal cooperation at 
the CO makes crosstalk cancellation suitable for implement 
ing per-frequency FEXT mitigation processing in both direc 
tions at the CO. This approach, however, generally requires 
significant computational resources at the CO. Practical 
FEXT mitigation schemes in vectored VDSL systems there 
fore generally operate with some degree of computational 
and/or storage constraints at the CO. In particular, a limit is 
placed on the number of frequency tones or sub-channels on 
which FEXT mitigation is performed and the number of 
disturbers to be cancelled in all the sub-channels or tones. 
Note that for some embodiments, all the tones may be 
selected for FEXT cancellation, but restrictions may be 
placed on the total disturbers in each tone to be cancelled. A 
combination of the two strategies described above can also be 
utilized. Under such scenarios, it is advantageous to system 
atically and optimally select tones and disturbers for partial 
FEXT mitigation in order to achieve maximum performance 
with the limited computational resources available at the CO. 
[0027] In certain situations, it may be possible to perform 
signal cooperation and FEXT mitigation at the CPE side in 
addition to the CO side. An example is a multi-pair bonded 
xDSL system where a CPE is connected to the CO through 
two or more twisted pairs. When signal cooperation is pos 
sible at both the CO and CPE sides, FEXT mitigation for a 
given direction may be performed at either end. For example, 
both downstream and upstream FEXT mitigation may be 
performed at the CO side, or both downstream and upstream 
FEXT mitigation may be performed at the CPE side. Further, 
downstream FEXT mitigation may be performed at the CPE 
side while upstream FEXT mitigation may be performed at 
the CO side. In yet other embodiments, downstream FEXT 
mitigation may be performed at the CO side while upstream 
FEXT mitigation may be performed at the CPE side. When 
signal cooperation and FEXT mitigation for any direction is 
carried out at the CPE side, the limitations on the computa 
tional resources for performing FEXT mitigation are likely to 
be even more severe. It is thus advantageous to systematically 
and optimally select tones and disturbers for FEXT mitiga 
tion in order to achieve maximum performance with the lim 
ited computational resources available. 
[0028] The limited resources available to perform crosstalk 
cancellation is further illustrated by the following statistics on 
the required degree of complexity involved from a resource 
standpoint. Assume, for purposes of illustration, that the total 
number of tones used in a given VDSL system is on the order 
of (K=1000), and assume that there are (N=10) vectored 
llSerS. 

[0029] Based on these figures, approximately (N*) runtime 
complex multiplications per DMT symbol are needed to per 
form full FEXT cancellation. Therefore, for a total of Ktones, 
approximately KNº multiplications are required to process 
every DMT symbol. Thus, for a sampling frequency on the 
order of 10°, this equates to upwards of a billion flops (float 
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ing point operations per second) that are required to com 
pletely cancel crosstalk for all the users, which is computa 
tionally infeasible with current processor technology. 
[0030] Various embodiments are thus described for per 
forming partial cancellation based on selective cancellation 
of disturber crosstalk in order to fit within the limited com 
putational resources and/or power resources available within 
a system. For example, partial cancellation may be performed 
to fit within predetermined power consumption requirements 
at the CO. Typically, a majority of the crosstalk experienced 
in a system originates from only a portion of all the disturbers 
present. Thus, cancelling all the crosstalk (i.e., performing 
full FEXT cancellation) results only in marginal gains and 
generally does not outweigh the cost in computational 
resources needed to accomplish full FEXT cancellation. As 
such, various embodiments incorporate an efficient partial 
FEXT cancellation technique, whereby systems and methods 
for meeting the constraints defined by the limited computa 
tional resources in a system are described followed by a 
system in which the allocated resources may be implemented. 
Specifically, embodiments are described for allocating differ 
ent vectored users for FEXT cancellation whereby a weighted 
rate of the vectored users is maximized. Note that other rate 
functions of users may be utilized as well. The computational 
resources available at the central office (CO) are identified 
and distributed or allocated among the various vectored users 
by solving a multi-user weighted rate maximization problem 
under the additional constraint of minimum rate requirements 
for each of the users. 

[0031] The primary incentive for performing partial can 
cellation is to achieve optimal crosstalk cancellation on a 
greater number of users, given a limited computational 
resource available for performing this task. With fewer 
resources, higher performance can be achieved, or for the 
same number of resources, a greater number of users with 
minimum performance can be satisfied. Anotherincentive for 
partial cancellation may be to reduce power consumption at 
the CO. Since a more efficient allocation of computational 
resources results in a more optimum cancellation scheme, 
less computational resources are needed, which may in all 
practicality, lead to less power consumption of the canceller 
unit located at the central office (CO). Note that the power is 
dissipated whenever a crosstalk cancellation of a given dis 
turber in a victim is performed. 
[0032] Thus, alternatively, the proposed partial cancella 
tion scheme can be constrained by a given power consump 
tion constraint, which translates indirectly into a certain num 
ber of computational resources being available. That is, a 
computational resource constraint for the optimization prob 
lem can be translated into a power consumption constraint. 
Power consumption may be of particular importance for a 
large scale vectoring entity, since it is expected to grow with 
the square of the number of disturbers and/or victims involved 
in a full FEXT cancellation scheme. By optimally allocating 
resources in a partial cancellation scheme, the objective is to 
achieve a linear increase in the power consumption with 
respect to the number of disturbers and/or victims. 
[0033] Conventional approaches to performing resource 
allocation for partial FEXT cancellation focus primarily on 
solving single-user complexity distribution problems and do 
not sufficiently address the multi-user scenario. Such tech 
niques as line selection, tone selection, and joint line tone 
selection mainly maximize the total data rate of one vectored 
user according to the fixed computational resources allocated 
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to the user. However, one perceived shortcoming with such 
approaches is that a CO-centric multi-user complexity allo 
cation technique has not been sufficiently addressed by such 
conventional approaches. Furthermore, various conventional 
approaches concentrate on a continuous approach for solving 
a problem which in reality, tends to be discrete in nature from 
the standpoint of computational resources (i.e., the number of 
cancellation taps to be used). Specifically, computational 
resources are utilized or allocated according to integer values. 
For example, 1, 2, or 3 disturbers can be cancelled, but it is not 
possible to cancel 1.5 disturbers. As a result, solutions derived 
following a continuous approach can be further improved 
taking into account the discrete nature of the allocation prob 
lem. 

[0034) Moreover, while continuous approaches may lead to 
approximately an optimal solution, such resources require 
enormous computational resources to implement, thereby 
defeating some of the motivation for performing partial can 
cellation. Finally, such approaches also do not work for a 
wide variety of optimization criterion, while the partial can 
cellation allocation scheme described herein lends itselfmore 
easily to various optimization criteria. Several optimization 
strategies may work only when the approach is in accord with 
the real nature of the underlying problem. Another important 
advantage of following a discrete approach, as described 
herein in connection with various embodiments, is the flex 
ibility that a discrete approach allows when parameters 
change in the system, such as, but not limited to, the addition 
of new users and another users being removed from the sys 
tem 

[0035] As the focus of DSM3 processing is at the CO, it is 
important to consider how to allocate computational 
resources to each of the vectored users by the CO in order to 
maximize their data rates. One conventional approach to per 
forming partial FEXT cancellation resource allocation is a 
lagrangian-based multi-user complexity allocation tech 
nique. However, the lagrangian-based multi-user technique 
experiences the same perceived shortcoming described ear 
lier as this technique is computationally expensive and 
exceeds the processing capabilities of many systems. 
[0036] To illustrate, a lagrangian multiplier requires nearly 
50 iterations in order to converge towards an optimal solution. 
Thus, each iteration in the lagrangian-based approach 
requires O(KN°) complex multiplications per DMT symbol. 
A need therefore exists for a faster complexity allocation 
solution that is also compatible with the processing capabili 
ties available in a given system. Note that this need exists as 
the number of users in the system tends to be dynamic in 
nature, with new users periodically being added and existing 
users being removed. Such a scenario is likely to happen in 
practice in a large scale vectoring system, whenever new DSL 
users join or leave the vectoring system. In each of those 
instances, a reallocation of resources may be needed to reach 
a new optimal solution given the new configuration of users 
and disturbers. A rapid and efficient reallocation of the com 
putational resources across the vectored users is paramount to 
achieving the allocation benefits. One result in implementing 
the embodiments described herein is a large reduction in the 
number of iterations needed to allocate computational 
resources to the vectored users. 

[0037| Various embodiments described herein are directed 
to a multi-user complexity allocation scheme that is based on 
certain observations and properties of vectored VDSL sys 
tems. The disclosed embodiments are based on the following 
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aspects. A first aspect involves optimal allocation of compu 
tational resources from a single-user point of view. That is, 
given a limited number of computational resources, a deter 
mination is made for a given vectored user which disturbers to 
cancel at any given tone in order to maximize that user’s rate. 
A second aspect is directed to extending the first aspect (the 
single-userscenario) to the multi-userscenario and determin 
ing the optimum allocation of computational resources to 
each user to maximize the sum of weighted rate of the various 
users. One application for the weighted rate approach relates 
to the desire to optimize the overall capacity of the bundle. 
The weights are taken to be unity in this case, and the sum of 
the rates represents the total rate of the bundle. For some 
embodiments, the weights assigned to various vectored users 
may be determined a priori based on various factors, includ 
ing but not limited to, the rate requirements of a particular 
user and the amount charged by the telephone company to a 
particular user. The described embodiments provide a faster 
and more efficient approach to performing partial FEXT can 
cellation. It should also be noted that the embodiments pro 
vide a simple solution when new users are added to the 
system. 
[0038] Apart from using weighted rate maximization as an 
optimization criterion, multi-user resource allocation can 
also be performed to satisfy requirements imposed by various 
service operators in a practical setting. In another embodi 
ment of the resource allocation, the offerings of these opera 
tors is optimized by maximizing the number of users in the 
given rate services. For example, with reference to FIG. 1B, 
each rate service may signify the minimum and the maximum 
rate that should be achieved by the user to satisfy a certain 
type of service, such as a 50 Mbps service for high-end video 
and data service, a 30 MBps service for regular video and data 
service, and a 10 Mbps service for data only service, assum 
ing in this example that there are only three such service 
offerings by the operator. Practically, the reach of these indi 
vidual service offerings is determined by the expected 
upstream and downstream rates achieved up until a certain 
distance and under a certain alien and self-FEXT noise envi 
ronment. 

[0039) Typically, the objective of the operator would be to 
extend the reach of these service offerings in order to maxi 
mize the number of users for each of the high end services. 
This is illustrated in FIG. 1B in which three sets of users N1, 
N2, N3 are expected in a non cancelled FEXT environment to 
be served with three respective service offerings. The prob 
lem under consideration is how to extend a priori the number 
in those 3 categories by performing an optimum allocation of 
self-FEXT cancellation resource, in order to define actual 
service reach. The utility function to maximize would, for 
example, be based on maximizing the number of users N1, N2 
and N3 for the higher end services expected to provide higher 
return for the operator. Suppose the operator receives a return 
of R1, R2 and R3 dollars when the users join the three ser 
vices. In mathematical terms, the operators would like to 
maximize the following utility function. 

[0040] This problem can be easily solved by first finding the 
resources required for each of the users to reach services 1, 2 
and 3. This can be done by solving N single user resource 
allocation problems. Then by solving a linear programming 
problem given in above, one can maximize the operator 
return. Note that the problem formulation above is just one 
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embodiment of the maximization problem and is only one 
way of formulating the operator return strategy. The equation 
above essentially signifies a linear multi-user optimization 
problem, There may be other manifestations of the problem 
above, one of which is the multi-user resource allocation 
problem, the solution of which is described herein. The 
weights of the multi-user resource allocation problem can be 
derived based on the gains achieved for the operator on 
switching the given user to various services. Note that the 
weights vary as users are placed in different rate zones or 
services. In order to maximize the number of vectored users 
according to different services, the weights associated with 
different users are therefore dynamically adjusted. 
[0041] In other embodiments, the minimum rate con 
straints of all the users in the first service is first satisfied. The 
minimum rate requirements of the second service and subse 
quently the third service are then satisfied. In accordance to 
other embodiments, the utility function to maximize would be 
related to the prorated return that operators would achieve by 
increasing the number of users in each service category. As 
will become apparent, the use of a discrete solution structure 
automatically ensures that operator requirements are satisfied 
in an optimal fashion. 
[0042] Embodiments for performing partial FEXT cancel 
lation scheme are directed to selecting tones and disturbers 
within these selected tones to undergo FEXT cancellation and 
may be implemented for both the upstream (US) and down 
stream (DS) directions. Generally, the single-user framework 
comprises a pre-allocation phase and a resource allocation 
phase before the actual FEXT cancellation phase takes place. 
As described earlier, the multi-user framework is an exten 
sion of the single-user framework, hence the pre-processing 
of the single-user framework can also be extended for the 
multi-user framework with appropriate changes. 
[0043] The pre-allocation phase begins by calculating the 
value of the (N-1) FEXT disturber couplings for each victim 
user across all the tones undergoing partial FEXT cancella 
tion, where N is the total number of users involved in partial 
FEXT cancellation. Note that here, up to (N-1) disturbers can 
be identified per victim user, and there can be as many as N 
victim users. In this regard, up to N victim users can undergo 
partial FEXT cancellation. Note also that there are various 
ways to calculate FEXT disturber couplings. One possible 
way is to determine the FEXT couplings by performing a 
cross-correlation of the signal received on a victim user with 
the actual disturber transmit signal using a known transmit 
sequence. An alternative way is by directly training a FEXT 
canceller by minimizing the impact of the disturber signal 
onto the victim user, using a known transmit sequence. The 
FEXT canceller coefficients obtained through this process 
inherently represents the reciprocal of the FEXT disturber 
couplings which are sought. Any of these two ways yields the 
desired FEXT disturber couplings into the victim user. Then, 
prior to performing any FEXT cancellation, the signal-to 
noise ratio (SNR) and bit loading for each tone of the victim 
user undergoing partial FEXT cancellation is determined. 
Furthermore, the total bit rate function is calculated (also 
prior to performing FEXT cancellation for the current user). 
[0044) Since the transmit symbol energies of all the vec 
tored users across every tone is also known at the CO end, the 
couplings of each of the disturbers are then normalized with 
respect to the average transmit energy of the disturber and the 
victim. Hence, for every tone, the (N-1) normalized FEXT 
couplings can be sorted from the highest to the lowest values 
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with respect to magnitude. Also, for every tone, the (N-1) 
SNR function values and bit loading corresponding to the 
removal of the normalized coupling is determined and sorted 
in decreasing order of magnitude. For some embodiments, 
this is done by removing the largest normalized coupling 
component one at a time and calculating the SNR function 
with the remaining normalized crosstalk coupling, thereby 
providing a bit loading function. For some embodiments, the 
SNR function is also calculated after performing FEXT can 
cellation of the disturber with the largest normalized coupling 
on every tone. Note that the removal of the largest normalized 
coupling component and/or the determination of the SNR 
function after FEXT cancellation are performed (N-1) times, 
which corresponds to the (N-1) disturbers across every tone 
for each user. For some implementations, the SNR function 
values are stored in a matrix of dimension (K)×(N-1) (where 
K is the total number of tones) in a tangible storage medium, 
such as the storage mediums described later. The rate differ 
ence function is the incremental rate gained on cancelling the 
dominant disturbers in the decreasing order on every tone and 
evaluated according to the SNR function values. In alternative 
embodiments, other function values, including but not limited 
to, SNR difference function values themselves may also be 
used. 

[0045] Prior to performing partial FEXT cancellation, the 
computational resources available in the system are deter 
mined for performing FEXT cancellation for a given user. 
This provides the motivation for performing the partial FEXT 
cancellation (versus full FEXT cancellation) and affects how 
many FEXT disturbers will be selected to undergo cancella 
tion. For some embodiments, the number of computational 
resources may be specified a priori by the CO, while for other 
embodiments, the computational resources available may be 
defined based on minimum bit-rate requirements. For 
example, if the bit rate requirement for a given user is satisfied 
while performing partial FEXT cancellation, then the partial 
FEXT cancellation allocation process may be stopped since 
minimum performance requirements are met. In accordance 
with such embodiments, the net gain in bit rate is calculated. 
If the minimum bit-rate requirement is still not met, more 
disturbers are selected to undergo FEXT cancellation until 
the minimum bit-rate requirement is met. To this end, an 
algorithm based on dynamic programming is used where 
resource allocation is incrementally performed by choosing 
the set of disturbers to cancel. Dynamic programming gener 
ally refers to the approach of solving complex problems by 
breaking the problems down into simpler and smaller sub 
problems. If the sub-problems can be nested recursively 
inside larger problems so that dynamic programming meth 
ods are applicable, there is a relation between the value of the 
larger problem and the values of the sub-problems. This is 
known as the optimal substructure property of dynamic pro 
gramming. Since the multi-user resource allocation problem 
satisfies the substructure property above, the dynamic pro 
gramming approach can be applied in many ways to solve the 
problem. 
[0046] For example, using a dynamic programming 
approach, one tone, along with a number of disturbers that 
should be optimally cancelled on that tone, is selected at each 
step. This is done recursively until the total resources are 
completely utilized. In accordance with various embodi 
ments, up to (N-1) disturbers that maximize rate gain are 
selected per tone (based on a total of N users involved in 
partial FEXT cancellation). For some embodiments, the 
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selection of tones (out of total set of K tones) and the number 
of disturbers is performed by sorting each column of the 
(K)×(N-1) SNR difference function matrix described earlier. 
Since every step decides an optimal tone and associated num 
ber of disturbers, the total number of computational resources 
needed is decreased by the number of disturbers in the 
selected optimal tone. 
[0047] During the process of performing partial FEXT can 
cellation, if the total number of computational resources is 
exhausted, then the resource allocation is stopped in order to 
not exceed the computational resources that are available. 
Note that there are several ways of implementing a dynamic 
programming method, and the various embodiments 
described may be implemented using other dynamic pro 
gramming approaches as well. For example, in one embodi 
ment directed to using dynamic programming for resource 
allocation, one resource and one tone could be added at each 
step (rather than adding one resource to all the tones). In short, 
any approach that builds on the optimal sub structure dis 
cussed above will generally involve dynamic programming. 
[0048] Having described the basic framework for partial 
FEXT cancellation, additional details are now provided for 
the various operations described above. First, a system model 
in which embodiments of a partial FEXT cancellation scheme 
is described, followed by a discussion of the problem and a 
solution involving the multi-user weighted rate optimization 
based on an extension of a single-user optimization scheme. 
Finally, a comparison is made between the partial FEXT 
cancellation scheme described herein and a conventional 
approach (i.e., the lagrangian-based approach discussed ear 
lier) in order to illustrate the efficiency of the described 
embodiments. 

[0049| Reference is made to FIG. 2, which illustrates a 
system 100 in which embodiments for performing partial 
FEXT cancellation may be implemented. In accordance with 
some embodiments, the system may comprise a DMT-based 
xDSL system. The system includes N sets of CPE (customer 
premises equipment) or users 110a, 110b, 110c, where each 
user 110a, 110b, 110c is referenced by index n, and where N 
represents the total number of users involved in partial FEXT 
cancellation. The system 100 further comprises a selection 
module 132, which performs tone and disturber selection for 
FEXT cancellation, as described in more detail below. 
[0050] In general, and irrespective of whether signal coop 
eration and FEXT mitigation is performed at the CO or CPE, 
the selection module 132 for a given direction of operation 
(e.g., upstream vs. downstream) can be implemented either at 
the CO or the CPE. For embodiments where the selection 
module 132 for both directions is implemented within the CO 
(CO-centric tone-selection), a protocol established between 
the CO and each CPE may be used to provide transport of 
information from the various CPEs (or end users) back to the 
CO in order to perform tone/disturber selection at the CO for 
downstream FEXT mitigation. For upstream FEXT mitiga 
tion in a CO-centric tone-selection implementation, the infor 
mation used for tone selection already resides at the CO. For 
other embodiments, the selection module 132 for both direc 
tions may be implemented within the CPE 110a, 110b, 110 c 
(CPE-centric tone-selection). For such embodiments, a pro 
tocol is incorporated to provide transport of information from 
the CO to the CPE in order to allow the CPE to satisfactorily 
perform tone selection for upstream FEXT mitigation. For 
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downstream FEXT mitigation in a CPE-centric tone-selec 
tion case, the information used for tone-selection already 
resides on the CPE. 

[0051] The system 100 further comprises a FEXT canceller 
134 which performs FEXT cancellation based on the selec 
tions made by the selection module 132. In accordance with 
some embodiments, the FEXT canceller 134 may comprise a 
MIMO (multiple-input multiple-output) precoder for FEXT 
associated with the downstream direction. For the upstream 
direction, the FEXT canceller 134 may comprise a MIMO 
canceller. In accordance with such embodiments, the FEXT 
canceller 134 may be further configured to address noise from 
external sources. The CO 130 may also include an xDSL 
access multiplexer (DSLAM), CO transceivers 140a, 140b, 
140c, and other equipment for interfacing with users 110a, 
110b, 110c. In some embodiments, the CO transceivers cards 
140a, 140b, 140c may interface with the selection module 
132. Furthermore, for any given direction of operation, if the 
FEXT canceller 134 and selection module 132 for that direc 
tion are located at different ends (i.e., one of the modules is at 
the CO while the other is at the CPE), another protocol may 
have to be incorporated between the CO and CPE to transport 
information of the tones selected by the selection module 132 
to the FEXT canceller 134. The selection module 132 further 
comprises a sorting module 135 configured to sort, for each of 
the tones present, (N-1) disturber coupling values in 
descending order with respect to magnitude of the disturber 
coupling values. The selection module 132 also comprises a 
resource allocator 136 configured to determine the computa 
tional resources available at the CO 130 for performing FEXT 
cancellation. 

[0052] Reference is now made to FIG. 3, which illustrates 
an embodiment of an apparatus within the CO 130 for imple 
menting the various components shown in FIG. 2. Generally 
speaking, the apparatus may comprise any one of a number of 
computing devices. Irrespective of its specific arrangement, 
the apparatus may comprise memory 312, a processor 302, 
and mass storage 326, wherein each of these devices are 
connected across a data bus 310. 

[0053] The processor 302 may include any custom made or 
commercially available processor, a central processing unit 
(CPU) or an auxiliary processor among several processors 
associated with the apparatus, a semiconductor based micro 
processor (in the form of a microchip), one or more applica 
tion specific integrated circuits (ASICs), a plurality of suit 
ably configured digital logic gates, and other well known 
electrical configurations comprising discrete elements both 
individually and in various combinations to coordinate the 
overall operation of the computing system. 
[0054] The memory 312 can include any one or a combi 
nation of volatile memory elements (e.g., random-access 
memory (RAM, such as DRAM, and SRAM, etc.)) and non 
volatile memory elements (e.g., ROM, hard drive, CDROM, 
etc.). The memory 312 typically comprises a native operating 
system 314, one or more native applications, emulation sys 
tems, or emulated applications for any of a variety of operat 
ing systems and/or emulated hardware platforms, emulated 
operating systems, etc. For example, the applications may 
include application specific software 316 stored on a non 
transitory computer readable medium for execution by the 
processor 302 and may include any of the modules 132,134, 
135, 136 described in connection with FIG. 2. One of ordi 
nary skill in the art will appreciate that the memory 312 can, 
and typically will, comprise other components which have 



US 2011/0150.121 A1 

been omitted for purposes of brevity. It should be noted, 
however, that the modules 132, 134, 135, 136 may also be 
embodied as hardware. 
[0055] Where any of the components described above com 
prises software or code, the same can be embodied in any 
computer-readable medium for use by or in connection with 
an instruction execution system such as, for example, a pro 
cessorin a computer system or other system. In the context of 
the present disclosure, a computer-readable medium can be 
any tangible medium that can contain, store, or maintain the 
software or code for use by or in connection with an instruc 
tion execution system. For example, a computer-readable 
medium may store one or more programs for execution by the 
processing device 302 described above. The computer read 
able medium can be, for example, but not limited to, an 
electronic, magnetic, optical, electromagnetic, infrared, or 
semiconductor system, apparatus, or device. 
[0056] More specific examples of the computer-readable 
medium may include an electrical connection having one or 
more wires, a portable computer diskette, a random access 
memory (RAM), a read-only memory (ROM), an erasable 
programmable read-only memory (EPROM, EEPROM, or 
Flash memory), and a portable compact disc read-only 
memory (CDROM). As shown in FIG. 3, the apparatus may 
further comprise mass storage 326. For some embodiments, 
the mass storage 326 may include a database 328 for storing 
and managing data, such as the matrices described below. 
[0057| Referring back to FIG. 2, VDSL systems use a 
DMT-based transmission scheme thereby ensuringtone-wise 
independence of transmission and reception. Thus, tone-wise 
crosstalk cancellation is performed. For purposes of this dis 
closure, at tone q, the system 100 is modeled as: 

where, N is the number of vectored users, H?q] is the NXN 
MIMO-DSL channel matrix whose elements H(n,m)[q] are 
crosstalk couplings from the disturber n to victim m, x|q]= 
|x||q] . . . xy?ql], denotes the NX1 transmit signal vector that 
collects the symbols x, q}, me 1, . . . N and v[q] is the Nx1 
column noise vector experienced at the receiver, which 
includes thermal noise, alien noise, and so on. Note that the 
system model above is true irrespective of whether the system 
is transmitting in the upstream (US) direction or the down 
stream (DS) direction. 
[0058] FEXT cancellation is performed on a given tone by 
applying an NXN matrix either at the received symbol vector 
(for US FEXT cancellation) or for precompenstation at the 
downstream transmit symbol vector in a CO-centric self 
FEXT cancellation scheme. This implies that on average, 
removal of crosstalk from one disturberto a victim involves a 
unit multiplication complexity. Removing the crosstalk 
induced on disturber n to victim m on tone q is equivalent to 
H (n,m)[q]=0. Consequently, full cancellation of FEXT 
implies that all the non-diagonal terms of channel matrix are 
equivalently made zero, as reflected below: 

Thus, performing partial cancellation implies partial nulling 
of the coupling coefficients. In other words, efficient partial 
cancellation involves determining which disturber to cancel 
for which tone so as to maximize a certain rate criterion. 
[0059] The single-user weighted rate optimization frame 
work is now defined for partial FEXT cancellation. In accor 
dance with various embodiments, one aspect involves maxi 
mizing the weighted rate of the vectored users after 
undergoing partial cancellation given: 1) the total computa 
tional computational resources available as well as 2) the 
individual minimum rate requirements (represented by R,”, 

Jun. 23, 2011 

ne{1, . . . N}) of the vectored users. Assume that the total 
complexity (or cancellation taps) available is represented by 
C*. Let K matrices Q|q] of dimension (N-1xN-1) with 
entries either 0 or 1 correspond to all the tones. The multi-user 
weighted rate optimization problem may be represented by 
the following: 

W (3) 
RT = max X , w, R, S.t 

n= W (6) 

In the expression above, R, denotes the shannon capacity 
corresponding to the n” CPE, or user. The parameter w, 
represents the weight assigned for the n” CPE based on both 
a priority option as well as data rate demand considerations 
for that n° CPE. 
[0060] When the crosstalk originating from disturber m 
into victim n at tone q is cancelled, Q, ,?q|=1, otherwise 
Q,[q]=0. Note that various constraints are considered. The 
first set of contraints specify the minimum target data rate for 
each of the N users. The second constraint describes the 
distribution of the computational resources that are available. 
The total rate for the nth user R, is given by: 

k (7) 
R. = X, logi +SNR) 

q=1 

Here, the term SNR is the SNR at tone and is given by: 

y 

m=1, min 

where, o, denotes the average transmit symbol energy of the 
vectored users, and of is the variance of the additive noise at 
the receiver. Note that o, and of are assumed to be same for 
all the tones. H.,?q] is the direct channel response for the nºth 
userattone q. Based on this, the equation above can be written 
&lS. 
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[0061] Here, c, q denotes the normalized coupling 
between victim n and disturber m at tone q and of ?q) is the 
normalized additive noise that is dependent on the tone index. 
Having described the basic framework for the single-user 
resource allocation problem, the single-user problem is 
solved. The extension of the single-user solution is then 
extended and applied to the multi-user scenario. 
[0062] A solution for the single-user resource allocation 
problem for partial cancellation is now discussed. As will 
become evident later, the multi-userpartial cancellation prob 
lem is a natural extension of the single-user scenario. Assume 
that the total amount of computational resources available in 
the system for the vectored usern is represented by the param 
eter \,. To cancel the dominant crosstalkers for user n, a 
K×(N-1) concatenated matrix D,-?c " Cº . . . CA.| is created 
where thei” row given by the n” row of normalized coupling 
matrix corresponds to tone i (i.e., c,”). In other words, matrix 
D, represents the row-wise concatenation of couplings from 
the remaining N-1 disturbers onto all the tones. Assuming 
that one unit resource complexity (e.g., a cancellation tap) is 
needed for each disturber per tone, the coupling matrix after 
undergoing A, crosstalk cancellations would be equivalent to 
inserting A, zeros into matrix D. Let C, "be the correspond 
ing matrix. If R,' is the post-partial-self-FEXT cancellation 
rate for the user n, then the partial cancellation problem 
statement is represented by the following: 

(10) 

Thus, the single-user resource allocation problem repre 
sented above is directed to searching across all possible matri 
ces C," that is generated by inserting x, zeros into D, 
[0063] The cancellation taps are allocated using dynamic 
programming so as to achieve a maximum rate gain in each 
step. Two observations should be noted. First, the most domi 
nant crosstalk source for a particular tone (corresponding to 
any row of the matrix D.) is the source with the largest 
coupling value. Therefore, this disturber source should be 
cancelled first. Also, cancelling a disturberon one tone has no 
impact on the rate gained in the other tone. Various embodi 
ments for complexity resource allocation are based on the two 
observations above. Specifically, the overall coupling matrix 
D., comprising couplings from all the tones is re-arranged in 
a fashion that levarages the observations above. Based on 
these observations, a search method relating to which dis 
turber to cancel for which tone is derived to provide an effi 
cient means for performing partial FEXT cancellation. To 
leverage the first observation above, the magnitude square of 
D., is calculated to obtain E), and each row (corresponding to 
each tone) is sorted in ascending order with respect to their 
magnitudes. Next, the cumulative sums are calculated in each 
row of the matrix E), Note that the jth element of any row of 
B, given by 2, "Pic /* signifies the norm of the coupling 
post cancellation of the first N-j disturbers in the respective 
row (tone). The rate at tone q after the cancellation of N-j 
dominant disturbers is then obtained. The resulting matrix 
obtained after performing the operation above is represented 
by L. Now consider any row of the above matrix L. The 
difference between the two consecutive elements of any row 
(for example, L(q,j)-L (q.j–1)) represents the rate gained by 
cancelling the j’th dominant disturber at the q’th tone. A 
matrix AL is constructed where its elements AL(q, j-1) is 
defined by L(q,j)-L(q.j–1), je [1, ... N}. The second obser 
vation above is leveraged. 
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[0064] To now illustrate the number of computational 
resources needed to perform the process outlined above, the 
number of computational iterations are shown below by the 
corresponding sets of operations: 

Operation 0: 
[0065] The matrix E) is computed where d, represents the 
squared magnitude of the normalized couplings dº. 

Operation 1: 

[0066] 
matrix E) 

This operation comprises sorting each row in the 

Operation 2: 
[0067] The cumulative sum of each row is computed, as 
shown below: 

~2 - 2 - 2 (11) W 

di di + di: ... XXd 
j=1 

W 

2. 

W 
~2 ~2 ~2 ~2 ão da +do ... XXi, 

This operation involves NK real additions. 

Operation 3: 
[0068] This operation is directed to performing an element 
wise log operation of the matrix obtained in Operation 2 
above. The term log d) is denoted by 1. This operation 
involves NK logarithmic computations. 

Operation 4: 
[0069] This operation is directed to performing a cumula 
tive subtraction operation to estimate the difference in the rate 
function, as shown below: 

(12) 
lil liz – lil 

Ali Aliz ... AllN 
(13) 

Al21 Al22 ... Al2N 

Alki Alk? ... Alkw 

The first part is the initialization and ordering operations 
(Operations 0 to 4). 
[0070] To further illustrate the concept of dynamic pro 
gramming, consider the following illustration involving the 
optimal allocation of balls to buckets. For the illustration 
below, suppose that there are K buckets (representing K 
tones), where each bucket can be filled with up to N-1 balls 
(each ball denoting a unit of computational resource). Let the 
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gain increase from placing i balls in the k” bucket be repre 
sented by Alex ", ie? 1,N-1]. The allocation problem focuses 
on placing A balls in those buckets in such a way as to 
maximize the overall gain. 
[0071] Let the optimal gain and corresponding updated 
gain matrix after p allocations be AR,(p)=(R,”—R,) and AL, 
(p) (the k” row of matrix AL?p) has p, zeros, which corre 
sponds to allocated balls, such that Al...”-0, 1sj=p, and 
X,*p, *p). Based on this, the recursion in the equation below 
involves selecting one bucket from {1, ..., K} and the number 
of balls ie? 1,N-1] to be put the selected bucket such that 
AR,(p+1) is maximized. 

AR, p + 1)=max{AR,(p-i-1)+ º Alºx (p) (14) 

[0072] As the maximum number of balls that can be put in 
a bucket is N-1, only N-1 steps are taken at every stage. To 
solve the problem in Equation 14 above, the sorted matrix 
AL, (p) is accessed to identify the set of gains {max}Alex " 
(p):1=i-N}. These gains are then added to AR,(p-i-1) 
obtained earlier, and the combination with the maximum sum 
is chosen. The gain matrix AL(p) is then updated by perform 
ing a right-shift operation on the row corresponding to the 
chosen bucket by iplaces (corresponding to the allocations in 
that row), and i zeros are filled in the first i columns. More 
over, L(p) is also resubstituted with the entries which are 
replaced by new allocations. The sorted matrix AL, °(p) is 
then rearranged to obtain AL (p+1). 
[0073] The solution above is just one way of using the 
dynamic programming approach, in which an optimization 
problem is solved by dividing the problem into many smaller 
problems. The optimal substructure property of the problem 
is exploited in the dynamic programming approach. One 
other embodiment of using a dynamic programming 
approach comprises searching one tone at a time for a unit 
resource (rather than one resource at a time overall the tones). 
There can be several other ways of breaking the problem into 
smaller discrete subproblems for multi-user resource alloca 
tion. 
[0074] The multi-user resource allocation algorithm is now 
described, which is a simple extension of the corresponding 
single-user problem. The multi-user resource allocation is 
equivalent to a single-user resource allocation with NK tones 
and modified couplings. In this regard, the single-user 
resource allocation procedure presented above can be 
extended by concatenating the total coupling matrix D.ne 1, 
. . . , N of dimension Kx(N-1) of all users to construct an 
extended coupling matrix D'whose dimension is NKx(N-1). 
The algorithm for the multi-user complexity resource alloca 
tion comprises the following. The N single-user resource 
allocation problems are solved using the technique described 
earlier such that the constraints are satisfied: 

For (n = 1:N) 

end 
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Next, the remaining uncancelled couplings C," are cancelled 
in order to solve the single-user resource allocation problem 
again. 

WI C, (15) 

p_| “. 
ww.C., 

[0075] Reference is now made to FIG. 4, which is a flow 
chart 400 for performing partial FEXT cancellation imple 
mented in the components in FIG. 2. If embodied in software, 
each block depicted in FIG. 4 represents a module, segment, 
orportion of code that comprises program instructions stored 
on a non-transitory computer readable medium to implement 
the specified logical function(s). In this regard, the program 
instructions may be embodied in the form of source code that 
comprises statements written in a programming language or 
machine code that comprises numerical instructions recog 
nizable by a suitable execution system such as a processor in 
a computer system or other system such as the one shown in 
FIG. 2. The machine code may be converted from the source 
code, etc. If embodied in hardware, each block may represent 
a circuit or a number of interconnected circuits to implement 
the specified logical function(s). 
[0076] Although the flowchart 400 of FIG. 4 shows a spe 
cific order of execution, it is understood that the order of 
execution may differ from that which is depicted. Beginning 
with block 410, a computational resource boundary for the 
system is determined. In block 420, (N-1) normalized cou 
pling values associated with disturbers are calculated, where 
N is the total number of users in the system involved in partial 
FEXT cancellation and where the (N-1) normalized coupling 
values are calculated for all tones undergoing partial FEXT 
cancellation in the system. In block 430, a signal-to-noise 
ratio (SNR) function is determined for each of the tones. In 
block 440, for every tone, the (N-1) normalized coupling 
values are sorted and disturbers are removed one at a time 
based on the sorted (N-1) normalized coupling values begin 
ning with the most dominant disturber until a minimum bit 
rate requirement is met. In block 450, a tone and a number of 
disturbers are selected that result in a largest rate gain and 
while still falling within the computational resource bound 
ary. 

[0077|| FIG. 5 illustrates the signal flow between the selec 
tion module 132 and FEXT canceller shown 134 in the system 
100 of FIG. 1 for performing partial FEXT cancellation. 
Specifically, FIG. 5 illustrates partial FEXT cancellation for a 
given victim vectored user based on resource allocation, as 
described herein for various embodiments. Note that the par 
tial FEXT cancellation scheme depicted in FIG. 5 may be 
implemented for both the upstream (US) and downstream 
(DS) directions. As described earlier, the selection module 
132 comprises a sorting module 135 configured to sort, for 
each of the tones present, (N-1) normalized disturber cou 
pling values in descending order with respect to magnitude of 
the normalized disturber coupling values. As shown, the 
MIMO precoder or canceller 522, representing the matrix 
coefficients for the precoder or canceller for full cancellation 
of all disturbers into each of the tone of the victim user (i.e., 
either precoder for the DS direction or canceller for the US 
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direction), is passed through a zeroing module 506 in the 
selection module 132, where the zeroing module 506 is con 
figured to zero out the coefficients of the full MIMO precoder 
or canceller corresponding to indices of those disturbers 
which are not to be cancelled for each of the tone of the victim 
user. This is done according to the resource allocation per 
formed by the selection module 132. 
[0078] As described earlier in connection with FIG. 1, the 
selection module 132 comprises a resource allocator 136. The 
resource allocator 136 provides an input to the zeroing mod 
ule 506. Specifically, a per tone decision matrix 502 derived 
based on SNR function values 504 is fed into the zeroing 
module 506. However, it should be emphasized that while 
FIG. 5 depicts the use of SNR function values 504, other 
function values may be used as well, including, but not lim 
ited to a rate difference function of various vectored users 
along with the associated weight vector. Based on the pertone 
decision matrix 502, the zeroing module 506 determines a 
partial precoder or canceller 523. In the FEXT canceller 134, 
a row of the precoder or canceller 523 is multiplied to the 
corresponding column of the matrix of the transmit or 
received vectors, whereby a precoded/cancelled vector 526 is 
produced. Each row of the partial zeroed MIMO canceller 
523 and corresponding column of the transmit/receive matrix 
510 correspond to a tone. 
[0079] It should be emphasized that the above-described 
embodiments are merely examples of possible implementa 
tions. Many variations and modifications may be made to the 
above-described embodiments without departing from the 
principles of the present disclosure. All such modifications 
and variations are intended to be included herein within the 
scope of this disclosure and protected by the following 
claims. 

At least the following is claimed: 
1. A method implemented in a multi-user communication 

system for performing far-end crosstalk (FEXT) cancellation 
for each victim user, comprising: 

for each victim user among all victim users, calculating 
(N-1) normalized disturber coupling values across all 
tones in the system to undergo partial FEXT cancella 
tion, wherein N is a total number of users involved in 
partial FEXT cancellation; 

determining a signal-to-noise ratio (SNR) across all the 
tones; 

for each tone, sorting the (N-1) normalized disturber cou 
pling values; 

calculating (N-1) SNR function values for every tone; 
calculating (N-1) rate difference function values for every 

tone; and 
based on the sorted (N-1) normalized disturber coupling 

values and difference rate function values, performing 
resource allocation according to a dynamic program 
ming approach, wherein the dynamic programming 
approach comprises recursively selecting one or more 
of a disturber and a tone. 

2. The method of claim 1, wherein performing resource 
allocation comprises selecting a tone among all the tones and 
a number of disturbers associated with the selected tone. 

3. The method of claim 2, wherein tone selection and 
disturber selection is performed until a predetermined level of 
computing resources in the multi-user communication sys 
tem is exhausted for FEXT cancellation on the selected tones 
and disturbers. 

Jun. 23, 2011 

4. The method of claim 2, wherein tone selection and 
disturber selection is performed until a minimum bit rate 
requirement is met for each victim user. 

5. The method of claim 1, wherein each of the steps in the 
dynamic programming approach is performed independently 
for each victim user in the multi-user communication system. 

6. The method of claim 1, wherein the sorted N-1 normal 
ized disturber coupling values are concatenated for all the 
victim users in the system and weighted rate difference func 
tion values are calculated for each of the victim users, 

wherein the weighted rate difference function values are 
calculated according to weights assigned to each of the 
victim users, and 

wherein allocating resources according to the dynamic 
programming approach is performed on the concat 
enated (N-1) normalized disturber coupling values and 
the weighted rate difference function values. 

7. The method of claim 6, further comprising dynamically 
adjusting the weights associated with each victim user to 
maximize a number of vectored users according to different 
services. 

8. A system for performing far-end crosstalk (FEXT) can 
cellation, comprising: 

a selection module configured to sort (N-1) normalized 
disturber coupling values and difference rate function 
values associated with N total users in the system 
involved in partial FEXT cancellation, 

the selection module comprising a resource allocator con 
figured to perform dynamic programming to incremen 
tally allocate resources by selecting, for each step of the 
dynamic programming performed by the resource allo 
cator, one or more of a disturber and a tone. 

9. The system of claim 8, wherein the selection module is 
configured to select a tone among all the tones and a number 
of disturbers associated with the selected tone. 

10. The system of claim 9, wherein the selection module 
performs tone selection and disturber selection until a prede 
termined level of computing resources in the communication 
system is exhausted for FEXT cancellation on the selected 
tones and disturbers. 

11. The system of claim 9, wherein the selection module 
performs tone selection and disturber selection until a mini 
mum bit rate requirement is met for each victim user. 

12. The system of claim 8, wherein each of the steps in the 
dynamic programming performed by the selection module is 
performed independently for each of the victim users in the 
system. 

13. The system of claim 8, wherein the selection module 
further comprises a sorting module configured to sort and 
concatenate the (N-1) normalized disturber coupling values, 
the sorting module further configured to calculate weighted 
rate difference function values for each of the victim users, 
wherein the resource allocator performs dynamic program 
ming based on the concatenated (N-1) normalized disturber 
coupling values and the weighted rate difference function 
values. 

14. The system of claim 13, wherein the sorting module is 
further configured to dynamically adjust the weights associ 
ated with rate difference function values to maximize a num 
ber of vectored users according to different service catego 
I 1eS. 
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15. A method implemented in a multi-user communication 
system for performing far-end crosstalk (FEXT) cancellation 
for victim users, comprising: 

performing dynamic programming to allocate resources 
according to (N-1) normalized disturber coupling val 
ues and difference rate function values associated with N 
total users in the system involved in partial FEXT can 
cellation, 

wherein dynamic programming comprises selecting a tone 
and one or more disturbers to be cancelled for the tone. 

16. The method of claim 15, wherein dynamic program 
ming is performed recursively until a total number of 
resources in the system are exhausted. 

17. The method of claim 15, wherein each of the steps in the 
dynamic programming approach is performed independently 
for each victim user in the system. 

18. The method of claim 15, further comprising: 
for each victim user, calculating the (N-1) normalized 

disturber coupling values across all tones; 
determining a signal-to-noise ratio (SNR) for each victim 

user across all tones; 
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for each tone, sorting the (N-1) normalized disturber cou 
pling values; 

for each of the victim users, calculating (N-1) SNR func 
tion values for every tone; and 

for each of the victim users calculating (N-1) rate differ 
ence function values for every tone. 

19. The method of claim 18, wherein the sorted N-1 nor 
malized disturber coupling values are concatenated for up to 
all the victim users in the system and weighted rate difference 
function values are calculated for up to all the victim users, 

wherein the weighted rate difference function values are 
calculated according to weights associated with each of 
the victim users, and 

wherein allocating resources according to the dynamic 
programming approach is performed on the concat 
enated (N-1) normalized disturber coupling values and 
the weighted rate difference function values. 

20. The method of claim 19, further comprising dynami 
cally adjusting the weights associated with each victim user 
to maximize a number of vectored users according to differ 
ent services. 


